Accurate ab initio potential-energy surfaces of the 3 A 2 and 3 B 1 states of ozone and their nonadiabatic coupling are reported near the ground-state equilibrium geometry using an internally contracted multireference configuration interaction method. These coupled three-dimensional potential-energy surfaces enable the first theoretical characterization of all three vibrational modes in the Wulf band. Reasonably good agreement with recent experimental observations is obtained.
I. INTRODUCTION
The photochemistry of the ozone (O 3 ) molecule plays a central role in many important processes in the earth's upper atmosphere. 1 Its absorption starts in near infrared ͑Wulf band͒ and extends to visible ͑Chappius band͒ and ultraviolet ͑Huggins and Hartley bands͒ regions. 2 These absorption bands all have diffuse structures, indicative of strong predissociation. It is thus difficult to spectroscopically extract information about the structure and rovibrational dynamics. Consequently, theoretical investigations are indispensable in helping to interpret the spectra and understanding the dynamics. In fact, it is the interplay between theory and experiment that has greatly advanced our understanding of this complex system. This is particularly true for the weak Wulf band from 10 000 to 15 000 cm Ϫ1 . 3 Experimental study of the Wulf band has been difficult because of its extremely low intensity. As a result, the electronic character of the excited state has been misassigned as a singlet until recently. 4 The correct assignment to triplet ( 3 A 2 with possible contribution from 3 B 1 ) states was first made theoretically based on high level ab initio calculations. [5] [6] [7] The singlet-triplet transition, facilitated by spin-orbit coupling with higher singlet states, explains the low intensity of the absorption. Theory was even able to assign the vibrational progression in this band. Both the electronic and vibrational assignments were later placed on firm experimental footing by high-resolution spectroscopic analysis of the rotational structure of several low-lying vibrational features. [8] [9] [10] [11] [12] [13] [14] It is now well established that there are three low-lying triplet ( 3 B 2 , 3 A 2 , and 3 B 1 ) states that are involved in the Wulf band absorption. [5] [6] [7] [15] [16] [17] Absorption to the 3 B 2 state can be neglected because of extremely small oscillator strength. 6, 7 The vibrational features in the Wulf band can be predominately attributed to the 3 A 2 state, which mixes with the higher 3 B 1 state. All three triplet states are energetically higher then the ground-state dissociation limit, 16 -20 although significant dissociation barriers exist.
The triplet states involved in the Wulf band may impact several kinetic, isotopic, and spectroscopic issues related to ozone chemistry. 9 For instance, the recombination reaction between O͑ 3 P) and O 2 ( 3 ⌺ Ϫ ) may be influenced by the participation of the 3 A 2 and/or 3 B 2 states which correlate to the same asymptotic limit of the ground electronic state. If longlived metastable states exist on these PESs, they may also provide an efficient reservoir for the ''missing'' ozone in the upper atmosphere. These and other related effects are important for developing accurate atmospheric models.
Despite the wealth of experimental and theoretical knowledge gained in the past decades, there are still quite a few unresolved issues related to the Wulf band. For example, the antisymmetric vibrational frequency of the 3 A 2 state is quite uncertain. Experimentally, the symmetric stretching and bending frequencies ( 1 ϭ1190Ϯ15 cm Ϫ1 and 2 ϭ529.4Ϯ0.7 cm Ϫ1 ͒ have been determined from the vibrational features in the Wulf band, 4, 9, 14 but the antisymmetric stretching frequency was estimaed from the triplet state zeropoint energy ( 3 ϭ367Ϯ17 cm Ϫ1 ͒.
14 Theoretical results to date provide little insight since most ab initio calculations have been either restricted to the C 2v geometry [5] [6] [7] 16 or limited in a few cuts of the PESs. 15 Other outstanding questions include the mechanism and dynamics of the observed predissociation of nearly all the rovibrational levels. [11] [12] [13] Apparently, such questions cannot be answered definitively without a clear picture of the three-dimensional topology of the relevant PESs and the nonadiabatic interaction between the 3 A 2 and 3 B 1 states.
II. COMPUTATIONAL DETAILS
In this work, we report the first three-dimensional high level ab initio calculation of the near-equilibriuim PESs of the 3 A 2 , and 3 B 1 states of ozone and their nonadiabatic ina͒ Visiting Professor from Department of Chemistry, Sichuan University, Chengdu, Sichuan, P. R. China. b͒ teraction. Like our previous work on the ground-state ozone, 21 the calculation was carried out using the MOLPRO suite of ab initio programs. 22 The 3 B 2 state, which as been shown to possess a negligible oscillator strength, 6, 7 was not considered. We also ignored the spin-orbit coupling and concentrated on the three-dimensional topology of the PESs, as well as the corresponding vibrational frequencies.
The results reported here were obtained with Dunning's correlation consistent triple-zeta ͑cc-pVTZ͒ basis set for the oxygen atoms. 23 The basis set was augmented by a set of diffuse functions (1s,1p) taken from the standard aug-ccpVTZ basis set. 24 A total of 102 contracted functions were employed. This basis is smaller than that used in our groundstate calculation, 21 mainly because of computational restraints, but larger than the recent PES calculation of the singlet states. 25 The internally contracted multireference configuration interaction ͑icMRCI͒ was based on the stateaveraged complete active space self-consistent field ͑CASSCF͒ orbitals. The active space consists of the 9 orbitals arising from the 2p atomic orbitals of oxygen for the 12 valence electrons. The 1s and 2s inner orbitals were fully optimized, but constrained to be doubly occupied. This led to a total of 1710 configuration state functions ͑CSFs͒ in C s symmetry. In the subsequent MRCI calculations, the reference function was the same as the CASSCF active space and the six low-lying orbitals were frozen. All single and double excitations with respect to the reference function were included and the doubly external configurations were internally contracted. 26 The total number of configurations was about 0.7 million, while the number of uncontracted configurations was about 44 million. In order to take into account higher excitations, the Davidson correction was employed. 27 The 3 A 2 and 3 B 1 states cross at C 2v geometry, but interact at C s as AЉ states. As discussed earlier, the nonadiabatic interaction between the two states is essential in understanding the spectrum and dynamics. To this end, we have calculated the quasidiabatic energies of these two states and their interaction, using the method of Werner and co-workers. 28 The quasidiabatization transforms both the orbitals and CI vectors to minimize their changes from the C 2v reference. A distinct advantage of the method is the expression of the PESs as a 2ϫ2 potential matrix, which is immediately amenable to quantum studies. In addition, the PESs in the diabatic representation are generally much smoother and better behaved than their adiabatic counterparts. A similar method has been used to generate the singlet PESs for the Chappius band of ozone.
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III. RESULTS
The adiabatic and diabatic potential energies as well as the nonadiabatic coupling were computed on a threedimensional grid in the internal coordinates (R 1 , R 2 , ), where R 1 and R 2 are the two bond lengths and is the enclosed bond angle. One of the distances was varied in the range ͓2.1, 4.0͔ a 0 , the other one within ͓2.1, 3.1͔ a 0 , and the angle was varied between 75 and 155°. The calculations are computational intensive, with each point costing approximately 1.5-2.0 hour on a 500 Mhz Compaq Alpha ͑EV6͒ workstation. A total of 739 symmetry unique points were selected. The final PESs were interpolated using a threedimensional cubic spline method.
Both the 3 A 2 and 3 B 1 PESs have their minima in C 2v as shown by Fig. 1 . The equilibrium geometries are listed in Table I . Between the two, the equilibrium of the 3 A 2 state is much better determined. Our results are in good agreement with the latest experimental values derived from rotational constants. 12 For the 3 B 1 state, no equilibrium geometry has been measured, but our results are consistent with previous ab initio data. The calculated adiabatic excitation energy (T e ) and band origin (T 0 ) of the 3 A 2 state also agree well with experimental values obtained from different sources. 12, 14, 18 The T e value of the 3 B 1 state is somewhat larger than the reported experimental value. 9, 18 However, the latter may contain significant uncertainty. Our results reaffirm that both triplet states are above the dissociation limit of the ground electronic state (D 0 ϭ1.13 eV͒. The excess energy of the well-characterized 3 A 2 state is 0.13 eV, in good agreement with experimental estimate of ϳ0.1 eV.
As shown in Fig. 1 near the C 2v seam. The lower adiabat retains the minimum of the 3 A 2 state, while the upper adiabat forms a minimum near the crossing seam. In Fig. 2 , the adiabatic, diabatic, and nonadiabatic PESs are plotted in the two O-O stretching coordinates at ϭ99°. Both the diabatic PESs are quasibound and they strongly interact with each other via the nonadiabatic coupling, which varies smoothly with the coordinates and is antisymmetric with respect to the exchange of the two O-O bonds. The resultant upper adiabat is strongly quasibound and correlated to the O͑ 3 P͒ϩO 2 ( 1 ⌬ g ) asymptote. The lower adiabat, which is most relevant to the Wulf band, has a shallow minimum, which is separated from the O͑ 3 P͒ϩO 2 ( 3 ⌺ Ϫ ) dissociation limit by a barrier, which is located at R 1 ϭ2.98 a 0 , R 2 ϭ2.33 a 0 , and ϭ104.6°, with a height of 0.095 eV.
Since both PESs are quasibound relative to the O͑ 3 P͒ϩO 2 ( 3 ⌺ Ϫ ) asymptote, the vibrational levels are predissociative. We have determined both energy positions and lifetimes of several low-lying vibrational levels using a complex-symmetric Lanczos algorithm. 29, 30 The calculation was carried out on a discretized Radau (r 1 ,r 2 ,) coordinate grid of the size n r 1 ϫn r 2 ϫn ϭ60ϫ60ϫ50. imaginary potential was placed at the edges of the radial grids. The strength of the absorption potential was varied in search of the stabilization point of each resonance. The calculation was performed in the diabatic representation with the nonadiabatic coupling. Table II lists resonance energies Re(E) and widths ⌫ (ϭ2 Im(E)) for several lowest-lying vibrational levels up to 1200 cm Ϫ1 above the zero-point energy. Three quantum numbers for the symmetric stretching, bending, and antisymmetric stretching modes were assigned to each level. Higherenergy levels are not reported because of limitations of the PESs. Our calculations yielded the fundamental frequencies for all three vibrational modes. Both the symmetric stretching and bending frequencies are in reasonable agreement with experimental values. For the antisymmetric stretching mode, our result of 422.2 cm Ϫ1 is consistent with the experimentally estimated value of 367 cm Ϫ1 . 14 We stress that estimation from the zero-point energy can be misleading since the excited states are very anharmonic, particularly in the antisymmetric stretching coordinate. Our calculated zeropoint energy ͑1103.5 cm Ϫ1 ͒ is also close to the observed value ͑1046 cm Ϫ1 ͒.
14 Much of the remaining error can be attributed to not correlating the oxygen 2s-like electrons in the MRCI treatment. Calculations have also been carried out on adiabatic PESs without the nonadiabatic coupling and the results are listed in parentheses in Table II . The small difference with those obtained with coupled diabatic potentials indicates that the system is close to the adiabatic limit.
All vibrational levels were found to predissociate. The ground vibrational level is the most stable, with a lifetime (ϭ1/⌫) of approximately 5.9 ns. This is consistent with experimental observations of rotational contours. 8, 9 The relatively long lifetime can be attributed to the fact that this is the only vibrational state below the adiabatic dissociation barrier. Higher overtones are significantly more predissociative as they are all above the barrier. The ͑011͒ and ͑002͒ levels are so short-lived that their energies and lifetimes cannot be accurately determined. As a result, they are not listed in the table. The lifetimes of other levels in the energy region are in the picosecond and subpicosecond range, in good agreement with experimental estimates of the predissociation lifetime, which range from 0.1 ps 11 to 1 ns. 13 We do caution, however, that our calculation ignored the potentially more efficient predissociation channel via the ground-electronic state.
IV. SUMMARY
To summarize, we have calculated the near-equilibrium PESs of two low-lying triplet states of ozone and determined the frequencies of all three vibrational modes. Our investigation clarified a number of important issues regarding the Wulf band of ozone. In particular, we reconfirmed that both the 3 A 2 and 3 B 1 states are quasibound with C 2v minima above the ground-state dissociation limit. The threedimensional PESs allowed us to study low-lying predissociative vibrational states. To this end, we reported both positions and widths of several such resonance states. The vibrational frequencies are in good agreement with known experimental values. We stress that the PESs reported here are certainly not of spectroscopic accuracy, but they should provide a reasonably reliable picture of the nuclear dynamics. We are in the process of generating more ab initio points for studying the nonadiabatic dissociation dynamics. 
